The expansion of polyglutamine tracts encoded by CAG trinucleotide repeats is a common mutational mechanism in inherited neurodegenerative diseases. Spinocerebellar ataxia type 6 (SCA6), an autosomal dominant, progressive disease, arises from trinucleotide repeat expansions present in the coding region of CACNA1A (chromosome 19p13). This gene encodes ␣ 1A , the principal subunit of P/Q-type Ca 2ϩ channels, which are abundant in the CNS, particularly in cerebellar Purkinje and granule neurons. We assayed ion channel function by introduction of human ␣ 1A cDNAs in human embryonic kidney 293 cells that stably coexpressed ␤ 1 and ␣ 2 ␦ subunits. Immunocytochemical analysis showed a rise in intracellular and surface expression of ␣ 1A protein when CAG repeat lengths reached or exceeded the pathogenic range for SCA6. This gain at the protein level was not a consequence of changes in RNA stability, as indicated by Northern blot analysis. The electrophysiological behavior of ␣ 1A subunits containing expanded (EXP) numbers of CAG repeats (23, 27, and 72) was compared against that of wild-type subunits (WT) (4 and 11 repeats) using standard whole-cell patch-clamp recording conditions. The EXP ␣ 1A subunits yielded functional ion channels that supported inward Ca 2ϩ channel currents, with a sharp increase in P/Q Ca 2ϩ channel current density relative to WT. Our results showed that Ca 2ϩ channels from SCA6 patients display nearnormal biophysical properties but increased current density attributable to elevated protein expression at the cell surface.
The expansion of polyglutamine tracts encoded by CAG trinucleotide repeats is a common mutational mechanism in inherited neurodegenerative diseases. Spinocerebellar ataxia type 6 (SCA6), an autosomal dominant, progressive disease, arises from trinucleotide repeat expansions present in the coding region of CACNA1A (chromosome 19p13) . This gene encodes ␣ 1A , the principal subunit of P/Q-type Ca 2ϩ channels, which are abundant in the CNS, particularly in cerebellar Purkinje and granule neurons. We assayed ion channel function by introduction of human ␣ 1A cDNAs in human embryonic kidney 293 cells that stably coexpressed ␤ 1 and ␣ 2 ␦ subunits. Immunocytochemical analysis showed a rise in intracellular and surface expression of ␣ 1A protein when CAG repeat lengths reached or exceeded the pathogenic range for SCA6. This gain at the protein level was not a consequence of changes in RNA stability, as indicated by Northern blot analysis. The electrophysiological behavior of ␣ 1A subunits containing expanded (EXP) numbers of CAG repeats (23, 27, and 72) was compared against that of wild-type subunits (WT) (4 and 11 repeats) using standard whole-cell patch-clamp recording conditions. The EXP ␣ 1A subunits yielded functional ion channels that supported inward Ca 2ϩ channel currents, with a sharp increase in P/Q Ca 2ϩ channel current density relative to WT. Our results showed that Ca 2ϩ channels from SCA6 patients display nearnormal biophysical properties but increased current density attributable to elevated protein expression at the cell surface.
Key words: P/Q-type calcium channel; ␣ 1A ; SCA6; polyglutamine; CAG repeats; cerebellar ataxia Spinocerebellar ataxia type 6 (SCA6), a progressive neurodegenerative disease of the cerebellum and inferior olives, arises from modifications in ␣ 1A , the pore-forming subunit of P/Q-type Ca 2ϩ channels (Gillard et al., 1997; Piedras-Renteria and Tsien, 1998; Jun et al., 1999) . Several variants of this subunit carry an insertion (GGCAG) before the stop codon (Zhuchenko et al., 1997) , which generates a frame shift and channel isoforms with longer C-terminal cytoplasmic domains (see Fig. 1 A) . Such isoforms contain a trinucleotide repeat domain (CAG n ) that encodes a polyglutamine (polyQ) tract whose expansion causes SCA6. Unlike many other polyQ-carrying proteins, ␣ 1A exhibits unusually small expansions in disease, 21-30 repeats in SCA6 compared with 4 -18 repeats in normal individuals (Zoghbi, 1997; Schols et al., 1998; Takiyama et al., 1998; Watanabe et al., 1998; Yabe et al., 1998; Tran and Miller, 1999) .
Does the mild polyQ expansion of SCA6 ␣ 1A give rise to a channelopathy or to a cytopathology typical of polyQ disorders? Ishikawa et al. (1999b,c) found abundant expression and cytoplasmic aggregation of the human ␣ 1A protein, in both human embryonic kidney 293 (HEK293) cells and cerebella from SCA6 patients. However, Matsuyama et al. (1999) found no difference in current density when rabbit ␣ 1A channels with 4, 24, 30, or 40 polyQ repeats were expressed in baby hamster kidney cells. The ␣ 1A channels with 30 or 40 glutamines showed a negative shift in their voltage dependence of inactivation, consistent with a reduction in Ca 2ϩ channel function. The same result was found even for ␣ 1A channels with only 24 glutamines in a later study (Toru et al., 2000) that focused on the spliced isoform corresponding to P-type channel behavior (Bourinet et al., 1999) . In contrast to these reductions in channel availability, Restituito et al. (2000a) studied polyQ-expanded ␣ 1A subunits in Xenopus oocytes and found changes in channel gating consistent with enhanced Ca 2ϩ entry. These inconsistencies leave considerable uncertainty about the cellular basis of SCA6 pathophysiology. The published studies described the biophysical properties of P/Q-type channels in detail but did not examine the subcellular distribution of the expressed channel protein, precluding comparisons with postmortem specimens.
In approaching SCA6, we used both immunocytochemistry and electrophysiology because of their complementary advantages. Immunocytochemistry provides information about subcellular distribution of channel protein, including its relative abundance at the cell surface, allowing comparisons with human brain; electrophysiology monitors the functional properties of channels under well defined conditions. The effects of polyQ expansions were tested with an entirely human ␣ 1A subunit rather than an interspecies chimera. The modified subunits were expressed in a well characterized cell line stably expressing auxiliary subunits (␤ 1c and ␣ 2 ␦ 1 ) appropriate to support the function of ␣ 1A . Our experiments showed that polyQ expansion increased the surface expression of FLAG-tagged ␣ 1A protein, both at the surface and deep within the cytosol. PolyQ expansion also sharply increased maximal P/Q-type currents and shifted the voltage dependence of activation toward negative potentials, thereby causing peak current density to increase twofold once CAG repeat lengths exceeded the pathogenic threshold. Our data suggest that increased membrane protein in SCA6 may give rise to elevated channel activity and altered calcium homeostasis in a genetically dominant manner. The cytosolic accumulation of mutant ␣ 1A protein we observed may also contribute to SCA6 pathogenesis.
MATERIALS AND METHODS
Full-length ␣ 1A cDNA construction. cDNA generated from human brain poly(A ϩ ) RNA (C lontech, Palo Alto, CA) with the Gubler and Hoffman methods was cloned into a phage vector using a primer that corresponds to nucleotide (nt) position 5221-5241 of the human ␣ 1A Ca 2ϩ channel sequence. Primary recombinants were screened using a radioactive probe made from the 3.6 kb cDNA corresponding to the 3Ј region (Z huchenko et al.) . A 5.2 kb clone containing 236 base pairs of the 5Ј untranslated region was isolated. The 3Ј region of this cDNA fragment overlapped with the existing 3Ј fragment by ϳ1.0 kb. The 3Ј fragment contained the C -terminal region of the human ␣ 1A Ca 2ϩ channel subunit and included the GGCAG sequence. The 5Ј fragment was recombined with the 3Ј fragment via an internal EcoRV site at nucleotide position 5149. The complete sequence to the f ull-length human BI-1 (V1)-GGCAG isoform has been deposited in GenBank (accession number U79666).
Construction of ␣ 1A Ca 2ϩ channel with normal and e xpanded CAG repeats. The ␣ 1A cDNA containing 11 CAG repeats (CAG 11 ) was isolated directly from a human cDNA library (Z huchenko et al., 1997) . The 23 and 27 CAG repeats (CAG 23 and CAG 27 , respectively) were derived from genomic DNA of diseased individuals from the MDSCA and I NSCA family, respectively (Z huchenko et al., 1997) . The four CAG repeats was obtained from genomic DNA isolated from a healthy individual from the general population. Genomic DNA containing this region was amplified by PCR using the sense primer 5Ј-CACGTGTCC TATTCCCC TGTGATCC -3Ј and the antisense primer 5Ј-CGAGGACGCGTGTCGTACG-3Ј. After the repeat length was confirmed by DNA sequence analysis, a 189 bp ApaI-SalI fragment of the PCR product was subcloned together with a 94bp SacII-ApaI fragment (nt 7058 -7152) from the human ␣ 1A BI-1-GGCAG cDNA into pBluescript (Strategene, La Jolla, CA). Using a four-way ligation of a 283 bp SacII-SalI fragment from this construct, together with a 1574 bp HindIIISacII (nt 5484 -7058) and a 398 bp SalI-HindIII, C -terminal fragments were ligated into the HindIII cloning site of pBluescript to generate pBS-H-4Q. The expression vector containing the human CAG 4 BI-1 (V1)-GGCAG isoform was created by exchanging the HindIII fragment containing 11 CAGs of the original human BI-1 (V1)-GGCAG isoform in the pBSK-C M V vector. Similar cloning strategy was applied to obtain human BI-1 (V1)-GGCAG isoforms with 23 and 27 CAG repeats.
The 72 CAG repeat isoform was generated with an in vitro strategy for increasing the length of the CAG repeat, based on the idea that compatible end restriction fragments can ligate to form large concatamers. The SacII and KpnI (nt 7058 -7237) of the human BI-1 (V1)-GGCAG isoform fragment cloned from the I NSCA patient was digested with MwoI. The flanking fragments and the basic 5Ј-CAGCAGCAG-3Ј repeat unit were then religated, with the resulting random formation of 5Ј-CAGCAGCAG-3Ј concatamers. The larger fragments were isolated from an agarose gel and ligated to a vector containing SacII and KpnI restriction sites and transformed into bacteria. Approximately 200 clones from this ligation were isolated, and a total of seven clones visibly larger than the original construct were obtained. These clones were sequenced and found to contain CAG repeats ranging from 35 to 72 units. No aberrant nucleotide sequence was observed within the CAG repeat domain. The fragment containing the 72 CAG repeat was used to replace the corresponding fragment containing the 11 CAG fragment as described above.
FL AG-tag ged human ␣ 1A Ca channel BI-1-GGCAG. An NH 2 -terminal fragment from the human ␣ 1A CAC NA1A channel BI-1-GGCAG cDNA was amplified by PCR using the oligonucleotide primers 5Ј-CGTAAGC TTTGCAGAATGGCCCGC -3Ј and 5Ј-CGAC TTCAGGA-CGAC TTGTA-3Ј. The PCR fragment was digested with HindIII and NotI, and, together with a 5.2 kb NotI-BglII 5Ј fragment of the ␣ 1A CAC NA1A channel, BI-1-GGCAG cDNA was ligated into the HindIIIBglII site of the pFL AG-C M V-2 (Eastman Kodak, Rochester, N Y). FL AG-tagged BI-1-GGCAG cDNA constructs containing various CAG repeat lengths were created by the ligation of C -terminal fragments generated with BglII-EcoRV treatment with the various sizes of CAG repeats. The authenticity of these constructs was confirmed by DNA sequence analysis.
␣ 1A e xpression in HEK293 cells. A stable H EK293 cell line expressing the calcium channel auxiliary subunits ␤ 1c (U86960) and ␣ 2 ␦ (generous gift from Dr. J. Offord, Parke-Davies Pharmaceuticals, Ann Arbor, M I) (Rock et al., 1998 ) was used to transiently transfect 10 g of ␣ 1A subunit constructs with various trinucleotide expansions using the calcium phosphate method (Yang and Horn, 1995) . For electrophysiology experiments, cells were transfected with BI-1 (V1) GGCAG channels bearing 4, 11, 23, 27, or 72 CAG repeats and recorded from 48 -72 hr after transfection. DNA amounts were quantified before transfection by gel electrophoresis and UV spectroscopy. The cells were kept in DM EM supplemented with 10% fetal bovine serum, 1000 U/ml penicillin -streptomycin, and 600 g /ml geneticin. C ells were trypsinized and plated onto coverslips coated with Matrigel 24 hr after transfection. Positively transfected cells were detected by cotransfection with human CD8 lymphocyte surface antigen and CD8 antibody coated-paramagnetic beads (Dynal, Great Neck, N Y) .
Northern blot anal ysis. Total RNA from cells transfected with FL AGtagged BI-1 (V1) GGCAG cDNAs with 11, 23, and 72 CAG repeats was obtained 2 d after transfection following standard protocols. RNA was fractionated and transferred to nylon membranes. Blots were probed with a 32 P-labeled cDNA probe spanning bp 474 -981 from the human ␣ 1A BI-1 (V1) cDNA and compared with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) levels measured in a Storm 820 phosphorimager scanner (Molecular Dynamics, Sunny vale, CA).
Electrophysiolog y. Ba 2ϩ currents were recorded using the whole-cell patch-clamp technique with an Axopatch 200A patch-clamp amplifier (Axon Instruments, Foster C ity, CA). Signals were acquired at 10 kHz and filtered at 2 kHz, and current traces were corrected for linear capacitive leak with on-line P/4 trace subtraction. Pipettes were made from borosilicate glass with resistance values ranging from 3 to 5 M⍀. C ell capacitance (18.6 Ϯ 8.5 pF; n ϭ 46) and series resistance (10.8 Ϯ 3.4 M⍀ before compensation; n ϭ 45) were measured from the current transient elicited by a hyperpolarizing voltage pulse from Ϫ80 to Ϫ90 mV and compensated electronically. Series resistance was routinely compensated by 80 -85%. C ells with large currents in which errors in voltage control might appear were discarded. Tail current amplitudes were measured 500 sec after termination of the test pulse to minimize series resistance artifacts. The extracellular solution contained (in mM): 160 TEA-C l, 10 BaC l 2 , and 10 H EPES-C sOH, pH 7.3 (305 mOsm). The intracellular solution composition was (in mM): 108 MeSO 3 C sOH, 4.5 MgC l 2 , 9 EGTA, 4 ATP-Mg, 0.3 GTP-Na, and 24 H EPES, pH 7.4 (295 mOsm). All experiments were performed at room temperature (22-24°C). Steady-state inactivation and activation curves were fitted to a single Boltzmann f unction of the form I max /(1 ϩ exp (V1/2 Ϫ V )/k ) ϩ m, where I max is the maximal current, V 1/2 is the half-voltage of activation or inactivation, k is the slope factor, and m is the baseline factor (for inactivation only). When appropriate, data are reported as the mean Ϯ SEM. Statistical significance was tested using single-factor ANOVA and the nonparametric Kolmogorov-Smirnov one-sample test, with p Ͻ 0.05 as the limit for statistical significance.
Immunoc ytochemistr y. H EK293 cells transfected with FL AG-␣ 1A fusion proteins were fixed with 4% paraformaldehyde -PBS and permeabilized with 0.4% saponin 48 hr after transfection. The primary antibody used was anti-FL AG M2 monoclonal antibody (1:2000; Eastman Kodak). Alexa 594 goat anti-mouse IgG (1:200; Molecular Probes) was used for secondary antibody. Midsection cell images were collected on a confocal laser-scanning microscope (MDI 2010; Molecular Dynamics). Total immunoreactivity (IR) was analyzed using the Scion Image program from N IH (Bethesda, MD), and IR density was expressed as total IR normalized by cell area. Membrane immunoreactivity was estimated by measuring the signal intensity in the area contiguous to the boundary of the cell. Annular regions of interest (ROI) were assigned to individual cells. A perimeter of a cell was manually traced, and then an inner curve was obtained at a constant distance from the perimeter. A region enclosed by the two curves represented the annular membrane ROI. An analysis program was written in LabV I EW (National Instruments, Austin, TX) to measure the area, total intensity, and average intensity within the ROI.
The width of the annuli was set to 2 m, and the annulus drawing line width was 0.4 m.
RESULTS

Elevated membrane expression of mutant ␣ 1A protein
Previous reports have shown either altered subcellular distribution and nuclear accumulation of proteins with expanded polyQ tracts or their accumulation within their usual subcellular locale (Sisodia, 1998; Huynh et al., 1999; Tran and Miller, 1999) . This led us to test whether the polyQ expansion in SCA6 might augment the number of P/Q-type Ca 2ϩ channels in the surface membrane (Fig. 1) . CAG 11 , CAG 23 , or CAG 72 constructs (Fig.  1 A) were tagged with a FLAG epitope to allow an analysis of cellular distributions and relative protein levels by immunofluorescence. Figure 1 B shows representative examples of HEK293 cells transfected with the FLAG-tagged CAG 11 and CAG 72 ␣ 1A subunits and then counterstained at 72 hr after transfection with anti-FLAG antibody. The intensity of the IR was generally greater in the cells with CAG expansion, both superficially and within the depths of the cell. The superficial immunofluorescence was examined quantitatively in confocal sections through the midsection of the cell. The IR at or near the cell membrane was estimated by consideration of an annulus, bounded on the outside by the edge of the cell and extending 2 m toward the cell interior (Fig. 1C, inset) . The total number of fluorescence counts within the annulus was divided by its area to obtain the annular IR density. Figure 1C compares the cumulative distributions of annular IR density in cells expressing CAG 11 or CAG 72 . Compared with the wild-type (WT)-expressing cell population, the cells expressing the expanded (EXP) ␣ 1A showed significantly increased levels of IR in the immediate vicinity of the surface membrane. The median values of annular IR density were 79.3 for CAG 11 (n ϭ 144 cells) and 201.9 for CAG 72 (n ϭ 186 cells) ( p Ͻ 0.005 by two-sample median test). Mean values were also increased, by ϳ70% (104.3 Ϯ 5.4 for CAG 11 and 176.3 Ϯ 4.5 for CAG 72 ; p Ͻ 0.001 by z test for means).
A more limited set of experiments was performed to compare the levels of surface IR between the mildly and strongly expanded CAG 23 and CAG 72 constructs (Fig. 1 D) , using similar annular analysis. The pooled data showed that the intensity of immunoreactivity in the immediate vicinity of the surface membrane was not significantly different in CAG 23 or CAG 72 ( p Ͼ 0.1; n ϭ 53 and 47, respectively), although both appeared to be elevated relative to the particular CAG 11 construct examined in this series (n ϭ 28) ( p Ͻ 0.01).
Analysis of ␣ 1A immunoreactivity in the immediate vicinity of the plasma membrane was a primary focus because of its possible relevance to the electrophysiological expression of conducting channels. Increases in ␣ 1A within the depths of the cytoplasm could not directly affect the electrical properties of cells but were also of interest in light of possible cell biological sequelae that may arise from polyglutaminopathy (Cummings et al., 1999; Huynh et al., 1999; Ishikawa et al., 1999a,b; Tran and Miller, 1999) . As illustrated in Figure 2 , we found that cells could be divided in a relatively unambiguous way between those with immunoreactivity primarily restricted to the cell surface (membrane IR) and those in which the immunoreactivity was also clearly evident in the deep cytoplasm as well as near the surface membrane (membrane-cytosolic IR; right column). This categorization permitted the analysis of all cells, even those growing in clusters in which the individual cell boundaries were not well defined. In the cases of cytosolic-membrane IR, immunoreactivity was usually spread evenly throughout the cytoplasm but sometimes appeared in discrete puncta within the cell interior.
Striking differences in cellular distribution of immunoreactivity were found between cells expressing WT and EXP ␣ 1A . In a large sample of CAG 11 -expressing cells (n ϭ 307), the great majority displayed membrane IR (84.4%). This value was comparable with published data for the subcellular localization of L-type channels supported by ␣ 1C (Gerster et al., 1999) . The remaining cells (15.6%) displayed membrane-cytosolic IR, which could be further subdivided according to the appearance of the cytoplasmic IR (10.7% punctate, 4.9% uniformly cytosolic). The subcellular localization of immunoreactivity within cells expressing CAG 72 ␣ 1A (n ϭ 388) was noticeably different. Membrane IR cells (51.3%) barely outnumbered the membrane-cytoplasmic IR cells (48.7%). In turn, the latter group could be further subdivided into cells with a punctate cytoplasmic pattern (31.9%) and those with a uniform distribution within the cytoplasmic area (16.8%).
To summarize the main points of the immunocytochemical analysis, cells expressing ␣ 1A subunits with CAG expansions exhibit significantly greater ␣ 1A IR in the immediate vicinity of their surface membrane, as well as a heightened tendency to display IR within the depths of the cytoplasm.
Comparisons between RNA levels
To assess whether the increases in protein immunofluorescence observed in the EXP constructs were attributable to increased RNA stability relative to WT, we examined the levels of total ␣ 1A RNA by Northern blot analysis (Fig. 3) . Transcripts for GAPDH, a housekeeping gene, were used as a basis for comparison. The ratio of ␣ 1A /GAPDH showed no significant difference between WT and EXP constructs, ruling out the possibility that observed increases in EXP protein expression and current density might have arisen from differences in RNA stability, as found, for example, in splice variants of ␣ 1B subunits (Schorge et al., 1999) . This experiment also ruled out possible concerns about differences in cDNA expression between WT and expanded constructs.
Importance of electrophysiological tests: increased current density in cells expressing expanded ␣ 1A channels
Just because the surface density of ␣ 1A protein is augmented does not necessary imply that electrophysiologically measurable current density should also increase. In a recent paper on L-type channels, Flucher and colleagues reported that coexpression of ␤ subunits helped target ␣ 1C subunits to the plasma membrane of tsA201 cells, greatly augmenting their surface abundance, but did not actually increase the number of functional channels (Gerster et al., 1999) . The authors hypothesized that an unknown cellular factor may act to limit the expression of functional channels. With this precedent in mind, we considered it to be particularly important to assay currents supported by ␣ 1A in direct electrophysiological recordings. Accordingly, the electrophysiological behavior of ␣ 1A subunits containing EXP numbers of CAG repeats (23, 27, and 72) was compared with that of WT subunits (4 and 11 CAGs) using standard recording whole-cell patch-clamp conditions, with Ba 2ϩ as the charge carrier. All EXP and WT ␣ 1A subunits yielded functional ion channels that supported inward Ca 2ϩ channel current during membrane depolarization (Fig. 4) . Ca 2ϩ channel currents were evoked by depolarizations from a holding potential (V h ) of Ϫ90 mV to test potentials ranging from Ϫ40 to ϩ50 mV. In each case, inward currents first became detectable with depolarization to Ϫ35 mV and reached their peak amplitude at 0 and ϩ5 mV for EXP and WT channels, respectively.
A striking finding emerged when we compared the current densities generated by WT and EXP channel constructs (Figs. 4 , 5). Current density in individual HEK293 cells was determined as the current amplitude at V m of ϩ5 mV (the voltage at which inward current of WT constructs was maximal), normalized by cell capacitance. The mean peak currents were 28.3 Ϯ 2 pA/pF for CAG 23 , 27.9 Ϯ 1.9 pA/pF for CAG 27 , and 24.7 Ϯ 2.3 pA/pF for CAG 72 , significantly greater than 12.8 Ϯ 0.7 and 9.8 Ϯ 0.7 pA/pF for CAG 4 and CAG 11 , respectively ( p Ͻ 0.05 for comparisons between either WT and any of the EXP constructs) (Fig.  5A ). Additional analysis was performed to avoid assumptions about the distributions of current densities, which deviate from a Gaussian shape as seen in cumulative distribution plots (Fig. 5B) . Median values of current density were 7.5 and 10.9 pA/pF for CAG 4 and CAG 11 and 22, 25.6, and 28.6 pA/pF for CAG 23 , CAG 27 , and CAG 72 , respectively. The distributions for the WT constructs were clearly separated from those of their EXP counterparts (varying between p Ͻ 0.01 and p Ͻ 0.05 by the nonparametric Kolmogorov-Smirnov test). Interestingly, comparisons between the two WT constructs or among the group of expanded alleles showed no significant differences within either group, as if the main increase in current density took place in a stepwise manner for CAG repeats longer than a critical threshold.
The enhancement of P/Q-type Ca 2ϩ channel current in cells expressing ␣ 1A subunits with polyQ expansions was in good agreement with the increase in surface membrane immunoreactivity for ␣ 1A , a measure of protein expression.
To delineate the voltage dependence of activation more precisely, we performed an analysis of tail currents (Fig. 6 , rightmost curves). Cells were held at V h of Ϫ90 mV, depolarized for 50 msec to various test potentials, and then repolarized to Ϫ80 mV to evoke inward current tails. The dependence of inward tail current amplitude on V test was well fit by a single Boltzmann function, characterized by a midpoint voltage (V 1/2 ) and slope parameter (k) ( Table 1 ). There were no significant differences in the values for k among the various channel constructs. The midpoint values for the variants with 23 and 72 CAG repeats were Ϫ10.8 Ϯ 1.2 and Ϫ11.9 Ϯ 1.3 mV, significantly more negative than the V 1/2 values for the CAG 4 and CAG 11 controls of Ϫ2.9 Ϯ 1.7 and Ϫ4.7 Ϯ 0.7 mV ( p Ͻ 0.05). However, the midpoint for CAG 27 , Ϫ4.1 Ϯ 1.9, was not significantly different.
The voltage dependence of inactivation was determined by stepping the membrane potential for 1 sec to various prepulse voltage levels (V pre ), before depolarization to a fixed test level (ϩ20 mV) to evoke channel opening. The resulting data for peak current were well described by a fixed pedestal (m) surmounted by a Boltzmann function dependent on V pre (see Materials and Methods). None of the midpoint voltages or slope or pedestal parameters displayed significantly different values for any of the WT or EXP ␣ 1A constructs (Table 1) .
Additional comparisons were made between the various constructs with regard to time constants of activation and inactivation, voltage-dependent characteristics that tightly regulate Ca 2ϩ influx and ultimately influence cytosolic Ca 2ϩ levels. Figure 7 shows data for the time constant of activation ( on ; A) and the fraction of peak current that had not inactivated after a 400 msec pulse (I Plateau /I Peak ; C). We also examined kinetic features that dictate how the channel behaves during intense bursts of activity, measured as the time course of decline of peak current amplitude during a train of repetitive pulses (Fig. 7B ) and the time course of recovery from inactivation, studied with a double-pulse protocol (Fig. 7D ). There were no significant differences detected between channels with normal and expanded CAG tracts, with one minor exception (the fraction of current present at the end of pulses to voltages of 0 and ϩ10 mV for CAG 72 ) (Fig. 7C, triangles) . The overall conclusion of this analysis was that our WT and EXP constructs appeared quite similar with respect to their voltageand time-dependent properties. 
DISCUSSION
After the discovery that SCA6 arises from polyQ expansions in the ␣ 1A subunit, the prevailing conjecture was that P/Q-type Ca 2ϩ channel current would be decreased (Klockgether and Evert, 1998; Yvert and Mandel, 1999) , just as reported for other disorders of ␣ 1A (Dove et al., 1998; Kraus et al., 1998; Lorenzon et al., 1998; Wakamori et al., 1998; Hans et al., 1999) . To the contrary, we found that expression of polyQ-containing ␣ 1A generated Ca 2ϩ channel currents approximately double those arising from normal subunits. This was true for expansions clinically observed in SCA6 (23 or 27 CAG repeats) or an exaggerated expansion (72 repeats). The elevated current density could primarily be accounted for by increased expression of ␣ 1A at the cell surface, detected by immunocytochemistry with FLAG-tagged subunits. In both immunocytochemistry and electrophysiology, cellular properties changed once the glutamine expansion exceeded the threshold for SCA6 pathology, as expected for a relevant pathophysiological mechanism. Increased surface expression of ␣ 1A and enhanced P/Q-type current would support a toxic gain of function, consistent with the dominant pattern of SCA6 inheritance (Zhuchenko et al., 1997; Ishikawa et al., 1999b,c; Zoghbi and Orr, 2000) .
Comparison with other studies
Our data on levels of channel expression matched up well with immunocytochemical data from Ishikawa et al. (1999b,c) , who found abundant expression and cytoplasmic aggregation of the human ␣ 1A protein, in both SCA6 cerebella and HEK293 cells. However, our results are at odds with two recent electrophysiological studies (Matsuyama et al., 1999; Toru et al., 2000) , which did not report changes in channel expression or accumulation as expected from the data from human brain. Our observations on the voltage-dependent gating properties of WT and EXP subunits agreed with Restituito et al. (2000a) , who also found small changes in the voltage dependence of activation that would favor increased Ca 2ϩ entry at depolarized potentials but no significant changes in inactivation. Once again, however, there was a discrepancy with Matsuyama et al. (1999) and Toru et al. (2000) , who found a hyperpolarizing shift in the inactivation curve that would reduce Ca 2ϩ channel function, not increase it. Their approximately Ϫ8 mV shift was large enough to have been detected in our voltage-clamp experiments.
Various explanations for the discrepancies with previous papers may be considered: the choice of animal species of ␣ 1A [predominantly rabbit by Matsuyama et al. (1999) vs human in our work] or the use of relatively high concentrations of DNA in our transfections (possibly revealing limitations in turnover of glutamine-expanded channel protein that would be harder to detect at lower DNA concentrations). Yet another possibility, one we find most compelling, is that the discrepancies arise from use of different structural variants of ␣ 1A . This principal subunit undergoes a high degree of alternative splicing: in addition to the GGCAG insertion that allows polyQ expansions to be expressed, ϳ16 possible transcripts for the C terminus of the ␣ 1A subunit have been described thus far, nine of which have been isolated from brain and spinal cord (Ophoff et al., 1996; Zhuchenko et al., 1997; Bourinet et al., 1999; Hans et al., 1999; Krovetz et al., 2000) . The isoforms used for testing effects of polyglutamine expansions have differed at a locus of alternative splicing in the I-II loop [possibilities ranging from incorporation of V 421 G 422 to exclusion of both amino acids (Bourinet et al., 1999) ] and at a site of variation near the "EF-hand" region within the C-terminal cytoplasmic tail (10 amino acid substitutions, leading to variants ␣ 1A-a and ␣ 1A-b ). We studied a human ␣ 1A isoform without V 421 , with an ␣ 1A-a tail sequence. In each respect, this ␣ 1A was analogous to the rabbit-human chimera used by Restituito et al. (2000a) . On the other hand, Matsuyama et al. (1999) tested a rabbit ␣ 1A subunit, the classic BI-1 isoform, containing an ␣ 1A-b -type sequence, not ␣ 1A-a . Likewise, Toru et al. (2000) studied a human ␣ 1A with an ␣ 1A-b -type sequence in the C terminus, and furthermore, their I-II linker lacked G 422 , not just V 421 . Thus, the pattern of molecular variations in ␣ 1A constructs provides a tentative rationale for the experimental discrepancies.
Relationship between cellular effects and pathophysiology of SCA6
If present in brain, an increase in Ca 2ϩ entry supported by EXP ␣ 1A channels would represent a gain of function, consistent with the dominant nature of SCA6 in afflicted individuals. The specific pathogenic mechanism in humans remains to be determined. Changes in Ca 2ϩ entry could alter intracellular Ca 2ϩ levels, contributing in the long-term to neuronal necrosis or apoptosis (Choi, 1995; Mattson, 2000; Sapolsky, 2001) . Because the P/Qtype current dwarfs other pathways for voltage-gated Ca 2ϩ entry in cerebellar Purkinje cells (Regan et al., 1991; Mintz et al., 1992; Jun et al., 1999) , it makes sense that Purkinje neurons should be particularly strongly affected (Ishikawa et al., 1999b,c; Yang et al., 2000) . The question of why increasingly long polyQ expansions are generally associated with decreased age of disease onset remains open, because we did not find a correlation between current density and polyQ repeat length beyond the disease threshold. The lack of correlation could be attributable to limitations of HEK293 cells as an expression system, insofar as they may lack hypothetical neuronal factors directly affected by repeat size. Also, our studies were performed over a span of days, whereas the influence of polyQ repeat number on disease onset is manifested over decades. Another possibility is that the age of onset may be influenced by a second pathogenic effect in parallel with the channelopathy (Kato et al., 2000) , such as the "polyglutaminopathy" proposed for other disorders. For example, in SCA2, polyQ-expanded isoforms of the mutant protein ataxin-2 accumulate in the cytoplasm of affected neurons (Huynh et al., 1999) . Here it is noteworthy that polyQ-expanded ␣ 1A protein also tended to accumulate in the cytoplasm (Fig. 2) , consistent with immunohistochemical studies of cerebellar sections from SCA6 patients (Ishikawa et al., 1999b,c) .
Possible cellular mechanisms
Why do polyQ expansions lead to increased levels of functional channel protein at the surface membrane? The Northern blot analysis ruled out changes in stability of ␣ 1A transcripts. Thus, to explain the accumulation of mutant channels in the plasmalemma, one must turn to the possibility of alterations in protein turnover. Such a mechanism has been invoked to explain the nuclear aggregation of mutant proteins in other polyQ expansion disorders, such as Huntington's disease and spinal and bulbar cerebellar atrophy, and SCA1, SCA3, and SCA7. In SCA1, nuclear aggregation of the polyQ-expanded protein ataxin-1 has been traced to an increased resistance to protein degradation, attributable to the presence of the polyQ domain (Cummings et al., 1999) . From this perspective, our observations of increased levels of mutant ␣ 1A protein at the membrane and in the cytoplasm would fit into a general pattern of altered protein turnover and cellular localization.
The role of the C terminus in targeting Ca 2ϩ channels to the plasma membrane is most firmly established for ␣ 1C (Gao et al., 2000) . In the case of ␣ 1A , precedent already exists for increased levels of membrane protein and current density in response to minor changes in amino acid sequence, specifically point mutations within domain IV (Hans et al., 1999) . polyQ expansions in the C-terminal tail of ␣ 1A would be strategically positioned to influence subunit interactions, with itself (Restituito et al., 2000b) , with other channel subunits (Hering et al., 2000) , and with cytoplasmic signaling proteins, such as G-proteins (Qin et al., 1997; Furukawa et al., 1998a,b; Miller, 1998, 2000) and calmodulin (de Leon et al., 1995; Lee et al., 1999; Peterson et al., 2000; Pitt et al., 2001) . For example, changes in the C-terminus region of ␣ 1A may lead to abnormal interactions with ␤ subunits, based on the finding that this region interacts with ␤ 4 and ␤ 2 (Walker et al., 1998) . Altered interactions between the ␣ 1 and ␤ subunits could result in changes in membrane trafficking, which can result in higher cell surface expression and current density (Chien et al., 1995; Perez-Garcia et al., 1995; Josephson and Varadi, 1996; Kamp et al., 1996; Gao et al., 1999 Gao et al., , 2000 Bichet et al., 2000) , as well as changes in biophysical (Neely et al., 1993; Gerster et al., 1999) , pharmacological (Perez-Reyes et al., 1992; C astellano et al., 1993; Nishimura et al., 1993; Mitterdorfer et al., 1994; Chien et al., 1995) , and modulatory properties.
Our study focused on expression of ␣ 1A against a constant background of ancillary subunits. Now that the focus is on increased levels of ␣ 1 expression and P/Q current density, additional studies may address the question of how the effect of polyQ expansions is modified by systematic variations in other subunits, including ␤ (Restituito et al., 2000b) , ␣ 2 ␦, and ␥. It would be particularly interesting to find out whether expression levels of other subunits are affected by polyQ expansions in ␣ 1A .
